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High-Temperature MEMS based Seismometer
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Fig. 1. Estimated Venus Seismic Activity [Error!

Technology Overview/Description

Overall objective: Leverage existing MEMS seismic sensor, recent developments
in high-temperature electronics and sensors, terrestrial analogues and Venus
seismicity studies, and an expert team to design and mature a MEMS based
seismometer suitable for use on long-duration Venus landers, like SAEVe.

Accomplishing this involves:

- Assessing / modifying existing MEMS seismic sensors that may be suitable for
Venus applications

- Developing driving/interfacing electronics to support required operations and
interfaces of a notional lander

- Design and fabricate a 1-axis instrument (but readily scalable to 3 axis) and
verify performance via tests and analysis. Iterate.

-Mature instrument and demonstrate performance of breadboard system in
Venus surface conditions against model-based predictions and reach a TRL of 4
or greater

HOTTech — High Operating Temperature Technolog

Core Team Member(s) / Institution(s)
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Technology Goals

1. Develop science-based requirements for a Venus seismometer that
considers the Venus unique operations circumstances

2. Assess MEMS seismic sensors, modify as required, and fabricate and
test under Venus conditions

3. Analyze the sensor / electronics system and design, fabricate and test a
1 axis system that meets requirements and is consistent with expected
Venus mission applications

4. Demonstrate operations of breadboard 1 axis instrument in Venus
conditions

Starting TRL: 2 Ending TRL: 4
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* Venus and Earth have several similarities——
— Almost same size, location in the solar system, mass

SN

— a . ~ o -_lx’::r;-c_;s_ ~ “.\;\:-‘1;__%
_* However, in many ways eyagr_e very different -

- = - - ¥ -,dv:‘:'— S e -~ . .
- .= Atmosphere composition, temperature, H,0, magnetic field, spin, etc...
= e : =

~
-~

N ym—



https://www.nasa.gov/feature/goddard/2016/nasa-climate-modeling-suggests-venus-may-have-been-habitable

nature of atmosphere of Venus

limit remote sensing below clouds -

Layers of thick Sulfuric Acid clouds \/ ‘ \/ — e — o,
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Work has been broken down into four primary tasks:
* Task 1: Requirements development
e Task 2: Seismic Sensor Development

— Using InSight or a baseline sensor, modify sensors as needed for the environment and to work
with SiC electronics and the balance of a high temp instrument.

» Task 3: Instrument Development and Testing
- — Integrated testing will be done all the way to ensure compatible and system level success.
g Task 4: System Demonstration S = -

— High temperature testlng of the sensor usmg a shaker table and analog sili

-~ characterize responses to known inputs (vibration).
i
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— GEER testing of the sensor will demonstrate operation at expected envi

— Field testing in Alaska will demonstrate  system response at expected qua
directly compared to proven terrestrial sensors.

= Integrgtled testing u;Lng SiC urcwt«'s.'and-selsmometer sensor in GEER will demonstrate sys
operability.

.
‘www.nasa.gov -
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*“An important constraint for the design of a landed seismometer on Venus is a priori
information on the recurrence rate (frequency) and size (magnitude) of expected
events. > e

S

* This is important given the limited expected duration of operation on the Venus surface of 60-120 days.

-+ Two independent approaches were explored to address the expected magnltude-
frequency dlstrlbutlon of quakes onVenus. - »

— Theoretical approach to estlmatlng Venus seismicity
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* Instrument Specifications — Required sensitivity, bandwidth, sample rate, etc.

— With ability to transmit-total of ~50 quakesin ~100 days, using pessimistic seismicity estimate need to
be sensitive enough. to see 1 quake every 2 days.

— Lower seismicity estimate -> need to record smaller quakes -> more high-frequency content required
-> higher sample rate to keep data interpretable..

— Combining theoretlcal approaches and emplrlca| approaches.

~+ Primary expected noise source — wind- ' e i
—"’Enwronﬁ\ental noise must be made less than smallest quake we wish to record. |

— All indicators are that bottom of Venus atmosphere is stable with low wind sp
density of atmosplmreat—surface'ﬁﬁ?’ugslzed effect. 7 - LB

- Selsmometer on Venus surface bracketed b{/ conditions of terrestrial surface and ocean bottom.
Comparing sub ocean sgfface quake data to surface data can provide insights on effects of noise,

'-h‘,

mitigation, and coupling (unlike most on- land seismometers, off-shore stations arE‘not burled and A
just dropped tosurface)rrm o -
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Stresses in the Earth’s lithosphere that are not associated with
plate boundaries include contraction of the lithosphere (global),
and mantle plumes (regional).

We focus on global seismicity here and compute cumulative
seismic moment arising from lithospheric contraction.

FINDINGS

Predicted seismicity for Venus is

* similar to the seismicity of intraplate regions on Earth,

* higher than the regional seismicity measured by InSight, and

* towards the upper limits of predicted seismicity in Mars

Next step —for theoretical approaches, global seismicity needs to
be translated to what is recorded at some generic station based on
amplitude reduction with distance from quake.

www.nasa.gov

N(M > M,) / year
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moment My

Mars - modeled (Knapmeyer et al., 2006) —— Earth - measured (Harvard CMT catalog)
Mars - modeled (Golombek et al., 2002) —-= Earth intraplate - modeled (Harvard CMT catalog)
—— Mars - measured (InSight catalog v11) = \/enus - modeled (this study)
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We treat Earth as an analog and compute short duration
magnitude frequency distribution of quakes by:

e Compiling 1000 seismic catalogs, each containing events
from randomly selected120-day periods between 2000-
2021, by querying the USGS database.

Excluding all events that either have magnitudes > 7 or are
oceurring at depths > 50 km to.exclude deep subduction
related events expected to be unlikely on Venus.

N /120 days
=
2

=
o
-

FINDINGS

* More conservative estimate compared to theoretical
approach.

Only ~ 5-6 events of magnitude >4 might be detected
within 120 days.

maghnitude
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Alaska Amphibious Community Experiment (AACSE)
» A shoreline-crossing, passive/active seismic experiment
executed from May 2018 through August 2019 in the Aleutian
subduction zone spanning Kodiak Island and the Alaska
Peninsula.
-6000 -4000 -2000 0 2000
* A total of 105 broadband seismometers: 30 on-land and 75in Bathymetry/Elevation (m)
Ocean Bottom Seismometer (OBS) packages. :
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For atmosphere-ground interaction on Venus

« Signal analysis of OBSs: on-land, shallow (100 = 200m), Y L f
“medium (1200 — 1600m), deep (> 4600m). i o !
* Between 7/1/2018 and 6/30/2019, there were 216 S Reass
earthquakes (magnitude > 3) in the region limited by longitude 5 i . g:(%s‘w?’oaz
of -151 — -162 and latitude of 54 — 60. . S e e R
- Magnitude > 6:1 : S

| w PoBs

— 5< Magnitude < 6:10 .
— 4 < Magnitude < 5:28 . T

www.nasa.gov
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Sensor in a Venus

environment

e Solder used to bond.DT strjp:teusensor
die will fail at Venus temperatures

-» Solder used for shock protectlon on-

sensor die will fail at Venus.
te mperatﬂees* — s
— —
mw —
w: .
o Therefore this workmvated on =
possible failures g —— = =
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* Assess MEMS insight seismometer for potential Venus application, modify as needed.
* Develop and trace engineering requirements to science.

» Develop circuit designs based on viable high-temperature electronics that will drive
sensors, process data, and output to future hosting lander.

< Develop unique. eTectronlc components, if needed to enable project objec;nves,hovyever
most deV|ces are aIreadV”m development by other efforts. |

e e

n—ﬁevelop mstrument de5|gn for a 1 axis seismometer (readily scalable to
overall n0|se in the éyiéem is Im the expected 5|gnals to be
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* Limited power (only = 50 events can be transmltted [eliminate wind noise and less
|n5|ghtful events]) i \\. S
T, g BT -
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- Limited data to mform e&p@tahons:éﬁiocal seismic and enwronnk al noise C40nd|tl ns.
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Project kickoff
2023

Seismic sensor development

2024

Using InSight Where we are now

seismometer as
a reference
design, modify \ GEER Develop

materials and Testing || ©e€n2 V

test in GEER sensor

Proof of concept
MEMS based
seismometer
(Gen 1)

GEER

Project
2025completion

TRL4

.| Develop Gen 3

Testing

sensor

Integrated testing

4/’

Lab demonstration, sensor at
450 C; electronics at room
temperature

Alaska field testing

Integrated 60-day GEER

A

+ock
TSt

Electronics Development

Develop Gen 12b Silicon analog circuit

A 4

Develop Gen 12b Silicon analog circuit

Develop Gen 12a SIC electronics

GEER
Testing

Develop Gen 12b SIC electronics

Develop Gen 12c SIC electronics
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».Assessed design and interface requirements for expected Sensor.

* Developed circuits to drive and interrogate said sensor in light of science
requirements and engineering / system constraints.

Modelled current and expected SiC devices and developed circuit

simulations to achieve performance objectives and explore trades relative 1o
constralnts ,and science objectives. ' ;_‘*"‘: —

e
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« This mcludeswmus triggering approaches data pr‘ocessmg, powe
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Simulated the analog trigger mechanism in silicon and in silicon carbide using actual quake data. Results between the
two were virtually identical. (w26_12312018 hhn_disp example below)
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e Great team in pIacewand tertlary support |dent|f|ed as needed.
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—— PrOJect support e
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Areas where technology advancements would en‘hance or enable more science.
— More complex and lower power high-temperature electronlcs
High-temperature / low power,m{emor —

on i e{éagﬁ\gh:températufe receiver tecth'IE)EW
bl Adjustment of tngge& Q&Fameters over m|55|on du@g@; .
1-11_' M. g (

Uéer update capability over mrssrén,h
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